Abstract: Adélie penguin (Pygoscelis adeliae) stomach contents, krill (Euphausia superba and E. crystallorophias) and silverfish (Pleuragramma antarcticum) from the Ross Sea were analysed to determine several persistent organic pollutants (POPs).
Introduction
The Adélie penguin together with two species of krill, Euphausia superba Dana, 1852 and E. crystallorophias Holt & Tattersall, 1902 , and the silverfish Pleuragramma antarcticum Boulenger are important species of pelagic trophic webs in Antarctic marine ecosystems. The Adélie penguin feeds primarily on krill (E. superba and E. crystallorophias), but can include fish in its diet when krill is unavailable. However, its breeding success depends mainly on krill availability. Such prey-predator linkage between these species makes the Adélie penguin a good biological indicator for Antarctic marine ecosystems. The Convention on the Conservation of Antarctic Marine Living Resources (CCAMLR) uses all these species as bioindicators of Antarctic ecosystems. Krill and Antarctic silverfish are indicated as key prey species that exhibit potential for harvesting, while the Adélie penguin is one of the predator species, mainly feeding on the key prey species, which has an important trophic position in the ecosystem and a wide geographical distribution. The CCAMLR Ecosystem Monitoring Program (CEMP) is aimed at monitoring these species to distinguish between changes arising directly from harvesting and those occurring naturally in the environment.
The greatest amount of higher volatile Persistent Organic Pollutants (POPs) are thought to be transported to the polar regions. Some POPs, including PCBs and chlorinated pesticides such as HCB and p,p'-DDE, have been detected in Antarctic organisms (Focardi et al. 1993 , 1995 . Such compounds have been used largely in industry and agriculture and exhibit several common properties such as high lipophilicity (increasing with chlorination), high stability to breakdown by acids, bases, heat and hydrolysis. The properties that led to their wide use in industry and agriculture have also caused their accumulation in ecosystems. Most worrying is that POPs elicit toxic responses in organisms, including humans (Kashimoto et al. 1981 , Safe 1990 , Ryan et al. 1993 .
The Southern Ocean forms a boundary between Antarctica and other bodies of water and land masses. However, transport via air masses is the means by which volatile contaminants are believed to reach the Antarctic continent most. Fractionation by condensation in cold polar environments has been proposed as a mechanism whereby the polar regions may become the final sink for some POPs (Wania & Mackay 1996) . POP condensation and fall-out both depend on physicochemical properties of the molecules and air temperature. Deposited POPs become trapped in ice and can be successively released into the environment when it melts; POPs then enter trophic webs resulting in bioaccumulation and biomagnification. This paper reports on an investigation of POPs in penguins, krill and silverfish in the Ross Sea pelagic food web. 
Materials and methods

Collection of samples
Edmonson Point (74°21'S, 165°08'E) is an ice-free area located along the eastern slope of Mount Melbourne, about 60 km north-west of the Italian station Terra Nova Bay (Fig. 1) . Adélie penguin stomach contents were collected from a rookery that consisted of about 2000 nests in the 1995/96 season. Sampling and studies on penguin diet were carried out in the framework of the CEMP. Five adult birds returning from their foraging trip were caught randomly on the beach and their stomachs flushed (Wilson 1984 , Clarke 1996 every five days when their chicks were about 10 days old, (Clarke 1995) . Samples were preserved in ethanol and sent to the Australian Antarctic Division (Hobart, Australia) for analyses. The mass of each stomach content (g/fresh weight) was determined after draining it through a 1 kg sieve for 2 min. Contents were divided into three main categories (crustaceans, fish, squid) and, when possible, species characterization and quantification were provided (Clarke 1996 ). An aliquot of each stomach content was stored in polyethylene bags at -30°C without preservatives and sent to Italy for chemical analysis.
96
SIMONETTA CORSOLINI et al. Foraging trip locations were determined by satellite tracking, using model ST-10 (Telonics, USA) Platform Transmitter Terminals (PTTs). Instruments were applied during guard and creche periods and each bird was allowed to make up to four foraging trips before removing the PTT and stomach flushing. Details of collection and samples are given in Table I .
Krill and silverfish (Table II) were collected by Plankton Hamburg Net in the Ross Sea and the nine sampling sites were in the square delimited by latitudes 67°50'S-75°20'S and longitudes 164°40'E-175°00'W (Fig. 1) . Sample collection was carried out during the XV Italian Antarctic Expedition in summer 1999/2000. All samples were stored at -30°C until analysis.
Analyses
For HCB, p,p'-DDE and PCB analyses refer to Tanabe et al. (1987b) and Corsolini et al. (1995) . Samples were digested with 1N KOH-ethanol solution and the extract was then transferred to hexane. The concentrated hexane layer was cleaned on a silica gel column and eluted with n-hexane. This elute was concentrated in a rotary evaporator and an aliquot of 3 ml was reserved for GC-ECD and GC-MS to determine fifty-four PCB isomers. Alkali-alcohol digestion results in the decomposition of nona-and decachlorobiphenyls, therefore they cannot be determined quantitatively. Hexane extracts were cleaned with 10% fuming sulphuric acid and rinsed in distilled water. Remaining 3 ml was run through a column packed with activated carbon to separate the non-ortho coplanar PCB congeners 3,3',4,4' (PCB 77), 3, 3', 4, 4', 5 (PCB 126) and 3, 3', 4, 4', 5, 5' (PCB 169) . Non-ortho coplanar PCBs were eluted with benzene and ethylacetate mixture. Analysis of total PCBs was performed with a gas chromatograph equipped with 63 Ni electron capture detector. A SPB-5 bonded phase capillary column was used. A mixture of specific isomers was used for calibration, recovery evaluation and confirmation.
Coplanar PCBs were quantified using the same gas chromatographic conditions as for GC/ECD. Recovery rates for non-ortho substituted PCBs were: PCB 77: (n = 6), mean 98%, SD 10%; PCB 126: (n = 6), mean 93%, SD 18%; PCB 169: (n = 6), mean 87%, SD 18%.
The results obtained for the planar PCB congeners were used to calculate the toxic potential as TEQs in different animals. The 2,3,7,8-TCDD toxic equivalents (TEQs) of coplanar congeners were estimated by the Toxic Equivalency Factors (TEFs) approach for PCB congeners IUPAC nos. 77, 126, 169, 105, 118, 156 and 189 (Van den Berg et al. 1998) .
Results and discussion
Feeding ecology
Certain aspects of the feeding ecology of penguins nesting at Edmonson Point in summer 1995/96 are worth mentioning to understand better results concerning the xenobiotic accumulation. The 1995/96 season was quite unusual at Edmonson Point: in January 1996 the sea ice off the rookery (Wood Bay) melted completely and researchers observed a different behaviour in penguins with respect to the other seasons. Foraging trips were short and frequent for the same period in the reproductive cycle. Moreover, the penguin diet was based on fish whereas in the other seasons they fed mainly on krill (Olmastroni et al. 2000) . Partially digested fish or whole fish (probably silverfish Pleuragramma antarcticum) were the most abundant items in stomach contents (Fig. 2 ) but other unidentified species were ingested as well. Sea ice coverage plays an important role in the feeding strategy. To save energy, it is likely that penguins feed on nutrient-poor food near the colony than on nutrient-rich items away from the colony. The average mass of stomach content was lower in 1995/96 than in the 1994/95 and 1996/97 seasons , Olmastroni et al. 2000 (Table III) . Although such a diet does not affect adult health, it may have dramatic consequences on chick survival (Gardner 1996 . The breeding success of populations is known to depend on food availability and in fact fewer than 0.60 chicks/nest were counted in the 1995/96 season while a range of 0.87-1.20 chicks per nest were observed in the other two seasons (Table III) .
Yearly estimates of weight and composition of ingested food compared with PTT tracks showed that the feeding sites during 1995/96 guard and creche periods were closer to the coasts compared to other study seasons (1994 /95, 1996 /97, 1998 Olmastroni et al. 2000) . In 1995/96 krill made up 10% of the meal both during guard and creche periods ( Fig. 2a) while in the other seasons it accounted for 50% , Olmastroni et al. 2000 . Plotting data against sex showed that both males and females fed mainly on fish (c. 80%) and that krill was slightly preferred by males (Fig. 2b) . On the contrary, females preferred krill in the other study seasons. Such findings are consistent with reports by Trivelpiece et al. (1983) and Clarke et al. (1998) who observed differences in the feeding behaviour of males and females.
Persistent organic pollutants
Concentration of HCB, p,p'-DDE and forty-seven congeners of PCBs were evaluated in penguin stomach contents and whole specimens of krill (E. superba) and silverfish. Results are given in ng g -1 wet weight (Table IV) . Xenobiotic concentrations detected in the samples represent the contamination level of penguin prey and thus their potential input through the diet. The highest concentrations of HCB, p,p'-DDE and PCBs were found in adult silverfish and penguin stomach contents. The high standard deviation of both HCB and p,p'-DDE may be due to the different items ingested (crustaceans or fish) between individuals and between sexes (see Fig. 2b ). In fact, by plotting stomach content data against the amount of krill ingested (greater or smaller than 100 g) higher xenobiotic concentrations were found in stomach contents that were richer in krill (Fig. 3a) . Because the surface of planktonic organisms can adsorb particulate organic material containing POPs released from ice melting, concentrations increase with increasing surface/volume ratio and this could explain results observed for krill and larval silverfish . Further evidence comes from the fact that the samples were being collected when ice melt was supposedly releasing 98 SIMONETTA CORSOLINI et al. contaminants into the seawater (Fuoco et al. 1991) .
Mean concentration values were used to evaluate typical HCB, p,p'-DDE and PCB inputs in a foraging trip meal and they were 1412 ng, 1508 ng and 303 ng, respectively (Table  IV) . Xenobiotic uptake is much higher than the actual concentrations detected in penguin tissues because they are not biodegraded. After ingestion, xenobiotic compounds partially metabolised are either eliminated by excretion (Court et al. 1997) in fat and uropigial gland oil respectively (Lara et al. 1990 ). Inomata et al. (1996) detected HCB in penguin tissues from Arctowski station (62°09'S, 58°28'W) at 9.0 ng g wet wt, respectively . In another polar region, Bright et al. (1995) found 32-36 ng g -1 wet wt of PCBs in amphipods and 100-2500 ng g -1 in Greenland cod liver from the Canadian Arctic, higher values than those found in Antarctic organisms.
Contamination levels seem to depend on the sampling period ( Fig. 3b ; the guard period ends 14 January). Pesticides (HCB and p,p'-DDE) were higher in samples collected during the guard period than in the creche period, while no differences were observable for PCB levels. Van den Brink et al. (1998) reported higher HCB and p,p'-DDE concentrations in Adélie penguin blood and uropigial gland oil from Hop Island during the creche period than the laying period, while the opposite was observed for PCBs. Different food resources during the breeding season may affect organochlorine accumulation. Stomach content composition was seen to vary in the two periods (Fig. 2a) . Samples were collected in December-January when lipid content in krill specimens is highly variable because of the breeding period (Hagen et al. 1996) ; at that time they also (Table IV) , thus specimens that feed mainly on crustaceans may intake a larger amount of contaminants through the diet in comparison to those that feed on fish. To confirm the relevance of food items ingested for accumulation in the body, results in tracked birds are considered. They show similar POP concentrations with the exception of two birds (PTT 23358, stomach content sample R10 and PTT 23361, stomach content sample R34; Table I ) in which HCB and p,p'-DDE were high (Fig. 3c) . Those penguins undertook offshore foraging trips (Fig. 4c & f) , where they could feed on krill, a more fatty food source that may contain higher concentration of POPs. Class of isomer patterns (percentage of each isomer class with respect to total PCBs) are shown in Fig. 5 . In krill and silverfish, tetra-and hepta-CBs represent most of the residue. In particular, tri-to penta-CB congeners constitute more than 50% of the total residue in krill and silverfish. In penguin stomach contents hexa-and hepta-CBs constitute c. 80% of total PCBs. Instrumental interference did not allow identification of low-chlorinated congeners in penguin stomach contents; this could affect the resulting percentage of each class of isomers. The isomer pattern in penguin stomach content is similar to that of Aroclor 1260, while in krill the pattern is similar to that of Kanechlor, a 100 SIMONETTA CORSOLINI et al. technical mixture used mostly in Japan and other eastern Asian countries which are roughly at the same longitude as the Ross Sea. The pattern observed in krill and fish may be due to the predominance of low chlorinated PCBs in the cold environments according to the global distillation theory. In other words, fractionation by condensation may select low-chlorinated congeners, although PCBs come from areas in which Aroclor 1260 was used. These findings confirm results reported previously by on the predominance of lower chlorinated PCBs in plankton respect to larger organisms, due to the higher body surface/volume ratio and to the biomagnification processes. PCBs with less than six chlorines were predominant in Antarctic organisms analysed by Corsolini et al. (2002) . PCB congener profiles in krill, silverfish and penguin stomach contents were drawn up as fingerprints (Fig. 6) . Low-chlorinated PCBs were most abundant in both krill and silverfish. This pattern is different from that of many organisms collected at low and mid latitudes (e.g. Corsolini et al. 1995 , Garcia et al. 2000 because of the predominance of most volatile congeners at higher latitudes, again due to the global fractionation. Congeners with chlorine atoms substituted in the 2,4,5 position, such as penta-CB IUPAC no. 118, hexa-CB 149, 138, 153 and hepta-CB 170, 180 and 187 are most resistant to the metabolic degradation in fish and invertebrates (Zell et al. 1978 , Bright et al. 1995 , both preyed upon by penguins; thus PCB 153 tends to accumulate in fish eating organisms (Court et al. 1997) . PCB 118+149 represented 3.89% in penguin stomach content and PCB 118 alone 2.33% of total PCB residue. Because penguin enzymatic systems are not able to metabolize PCB 118 (De Boer & Wester 1991 , its concentration in penguin tissues is expected to be higher in respect to those levels as a result of biomagnification. In penguin stomach contents, the most abundant congeners is PCB 189 (17% of the total residue), followed by PCB 134, PCB 151 and PCB 170 (12%, 10%, 7%, respectively). Percentages of PCBs 95, 101, 118+149, 153, 105, 185, 201 ranged between 2-6% of total residue. Such a pattern is unlike that seen in many other organisms in which PCB 153 (2,2'4,4'5,5') was the most abundant polychlorobiphenyl . Inomata et al. (1996) in their fat tissue, respectively. Focardi et al. (1997) found PCBs with six chlorine substitutions in some Mediterranean species (Trigla lyra, Merluccius merluccius and Conger conger); the predominance of low-chlorinated or high-chlorinated PCBs seems to be the distinctive characteristic between Antarctic samples and those from lower latitudes (e.g. Corsolini et al. 1995 , Garcia et al. 2000 , Kannan et al. 2001 .
Toxic equivalents
PCB congeners considered to be most toxic, that is, those with chlorine substitutions in either the meta and para positions (PCB 77, PCB 126, PCB 169) or those with one chlorine atom in the ortho position (PCB 105, PCB 118, PCB 156, PCB 189), were detected in the stomach content samples (Table IV) . Non-ortho congeners accounted for 6% of the total residue (Table IV, Fig. 7) . Concentrations of non-ortho PCB 77 (3, 3', 4, 4'), PCB 126 (3, 3', 4, 4', 5) and PCB 169 (3, 3', 4, 4', 5, 5') , were 1.63 pg g , respectively and their sum was 9.18 pg g -1 (Table IV) . Thus, the pattern in stomach contents was PCB 126 > PCB 77 > PCB 169, while in the technical mixtures is PCB 77 > PCB 126 > PCB 169 (Tanabe et al. 1987a ).
Usually, a lower concentration of PCB 77 than PCB 126 is found in organisms with an active detoxifying system that can metabolize the low-chlorinated congeners. It must be taken into account that the samples are stomach contents meaning fish and krill, thus, elimination of PCB 77 by branchial respiration because of its low chlorine content would be more likely. The concentration of the non-ortho PCBs in P. antarticum and P. adeliae collected in the Ross Sea by . Figure 7 shows that PCB 189 was the most abundant dioxin-like compound, accounting for 70% of the total residue, followed by PCBs 118 and 105. The pentachlorobiphenyl PCB 126 constituted most of the TEQ. TEQ values in Antarctic organisms are not only low when compared to those in organism from other areas of the world (Daelemans et al. 1993 but are much lower than the concentration of 210 pg g -1 wet wt of TEQ, which is recognized as the threshold level in eliciting toxicological effects in birds (Elliot et al. 1996) .
Conclusions
In general, POP concentrations in organisms of a Ross Sea pelagic trophic web are low compared to data reported for most species from other marine environments of lower latitudes , Garcia et al. 2000 , Kannan et al. 2001 and fall in the range of few ng g -1 wet weight. Fingerprints and class of isomers pattern show a predominance of low-chlorinated PCBs, mainly in pelagic organisms as a result of the global distillation process; however, the presence of low-chlorinated congeners is due to bioconcentration while the presence of high-chlorinated PCBs (six or more atoms of chlorines) is mainly due to biomagnification. By correlating POP levels in krill and silverfish (that are low trophic web organisms), with results from other research carried out in previous seasons , Corsolini et al. 2002 , it emerges that results are comparable, confirming the homogeneity of pollution in the ecosystems studied from the Ross Sea. Moreover, it shows a linkage 102 SIMONETTA CORSOLINI et al. between food item, ice coverage and foraging range, collection period (guard or creche) and POP contamination in penguins. In Adélie penguins the detoxifying activity of P450 cytochrome and in particular CYP3A (specific for PCB detoxification) is very low (Wanwimolruk et al. 1999) . Therefore, despite low concentrations in our samples, penguins should be periodically monitored since contaminant threshold levels in these organisms are still unknown and because contaminant input through the diet is apparently quite high.
